INTRODUCTION
The Permian basin of west Texas and southeast New Mexico (Figure 1 ) has produced oil for more than 80 yr, and it is still the third largest petroleum-producing area in the United States after the offshore Gulf of Mexico and Alaska. In 2002, it accounted for 17% of the total United States oil production (327 million bbl; 5.20 Â 10 7 m 3 ), and it contains an estimated 22% of the United
States proved oil reserves (5 billion bbl; 7.95 Â 10 8 m 3 ) (Energy Information Administration, 2003) . Moreover, this region has the greatest potential for production growth in the country, containing 29% (17.6 billion bbl; 2.80 Â 10 9 m 3 ) of estimated future oil reserve growth (Root et al., 1995) . Original oil in place (OOIP) in the Permian basin was estimated to be 106 billion bbl (1.69 Â 10 10 m 3 ) ( Tyler and Banta, 1989) ; the 30.4 billion bbl (4.61 Â 10 9 m 3 ) of oil produced through 2000 represents only 29% of the OOIP. An estimated 30 billion bbl of unrecovered mobile oil remains ( Tyler and Banta, 1989) . Because of the substantial amount of oil remaining in the basin, a new oil play portfolio of the Permian basin was developed as part of the U.S. Department of Energy Preferred Upstream Management Practices Program (Dutton et al., 2004) . The portfolio geologically defines 32 oil plays in the Permian basin and assigns all reservoirs that had cumulative production of greater than 1 million bbl (1.59 Â 10 5 m 3 ) through the year 2000 to a play. This new, comprehensive characterization of oil plays includes the entire Permian basin in Texas and New Mexico. Successful reservoir-development practices used in the Permian basin are summarized because in this mature area, much of the future production will result from improved recovery from existing fields. A simple but effective method of increasing recovery in a reservoir is to apply methods that have been successful in similar reservoirs. To do so, however, it is necessary to understand how reservoirs group naturally into larger families or plays. A play is an assemblage of geologically similar reservoirs exhibiting the same source, reservoir, and trap characteristics (White, 1980) . Reservoirs in a play are related geologically and commonly have similar production characteristics (Galloway et al., 1983) , thus allowing characteristics of better known reservoirs to be extrapolated with relative confidence to other reservoirs in the same play. Reservoir-development methods that have been demonstrated to work well in one reservoir should therefore be applicable to other reservoirs in the play. Stephen C. Ruppel $ Bureau of Economic Geology, Jackson School of Geosciences, University of Texas at Austin, Austin, Texas 78713-8924; stephen.ruppel@beg.utexas.edu Steve Ruppel is a senior research scientist at the Bureau of Economic Geology at the University of Texas at Austin, where he specializes in the characterization of Paleozoic carbonate-reservoir successions. His current research is focused on identifying the stratigraphic and diagenetic controls of reservoir development in outcropping and subsurface Permian carbonates in the Permian basin.
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A C K N O W L E D G E M E N T S

Geologic Setting
The Permian basin is a foredeep basin that developed during the late Mississippian and early Pennsylvanian (Hills, 1984; Frenzel et al., 1988) at the south margin of the North American plate, north of the present-day Marathon-Ouachita thrust belt (Figure 1 ). Prior to development of the Permian basin, a shallow, intracratonic, downwarped area named the Tobosa basin (Galley, 1958) was present in west Texas and southeast New Mexico. Oil production in the Permian basin has come predominantly from reservoirs of Ordovician to Permian age (Figure 2 ).
Methods
We defined 32 Permian basin oil plays (Table 1) on the basis of reservoir stratigraphy, lithology, depositional environment, and structural and tectonic setting. This new play analysis builds on and revises earlier play assessments of the Permian basin by Galloway et al. (1983) , Kosters et al. (1989) , Tyler et al. (1991) , Holtz and Figure 1 . Major subdivisions and boundaries of the Permian basin (shaded area) in west Texas and southeast New Mexico (modified from Silver and Todd, 1969; Hills, 1984; Frenzel et al., 1988; Kosters et al., 1989; Ewing, 1990; Tyler et al., 1991; Kerans and Fitchen, 1995) . Harland et al. (1989) , Tucker and McKerrow (1994) , and Bowring et al. (1998) . Source rock identification is from J. A. Williams (1977, personal communication) and Hill et al. (2004) . Kerans (1992) , Holtz (1993) , New Mexico Bureau of Mines and Mineral Resources (1993) , Ruppel and Holtz (1994) , Holtz and Garrett (1997) , and Dutton et al. (2000) , as well as unpublished studies by the authors.
We identified 1339 significant-sized oil reservoirs in the Permian basin, defined as reservoirs having cumulative production of greater than 1 million bbl (1.59 Â 10 5 m 3 ) through the year 2000, and assigned each of them to a play. Cumulative production information for reservoirs in Texas was taken from production records of the Railroad Commission of Texas (RRC, 2001) . Cumulative production for reservoirs in New Mexico was calculated by taking the annual production from 1994 to 2000 and adding it to the cumulative production data obtained from the 1993 annual report (New Mexico Oil and Gas Engineering Committee, 1993) . We calculated cumulative production for each play by summing production from the significantsized reservoirs. We drew play boundaries for each play to include areas where oil reservoirs in that play occur but are smaller than 1 million bbl (1.59 Â 10 5 m 3 ) of cumulative production. We used decline-curve analysis to estimate remaining reserves of each play in the Permian basin.
PLAY SUMMARIES
A brief definition of each oil play in the Permian basin is given in this section. More extensive information and references about each play are included in Dutton et al. (2004) .
Ordovician Plays
Three oil plays in the Permian basin produce from Ordovician reservoirs (Table 1; Figure 3 ). The Lower Ordovician Ellenburger Group (Figure 2 ) consists of thick (up to 1700 ft [520 m]), areally extensive sequences of mud-dominated carbonates, with localized grainstones deposited on a restricted carbonate ramp (Kerans, 1990) . Sea level fall at the end of the Early Ordovician resulted in the exposure of the ramp and the development of widespread karst terrain (Kerans, 1990) . Subsequent multiple karst events, erosion, and compressive tectonism from the Ordovician to the Pennsylvanian also affected Ordovician rock characteristics (Holtz and Kerans, 1992) .
The carbonates of the Ellenburger selectively dolomitized ramp carbonate play reflect a range of environments from inner to outer ramp (Figure 3 ). Reservoirs include both dolomitized and undolomitized (limestone) intervals. Subtidal carbonates are locally common, reflecting the more basinward setting (Holtz and Kerans, 1992) . Ellenburger rocks in this play experienced several episodes of exposure, karstification, and fracturing . Main influences on reservoir character are variable dolomitization and karstification.
Pervasively dolomitized reservoirs of the Ellenburger karst-modified restricted ramp carbonate play ( Figure 3) were deposited in an inner-ramp setting (Kerans, 1990) . The main controls on porosity distribution are extensive erosion and karstification that occurred during the early Middle Ordovician lowstand (Kerans, 1988) . Reservoir heterogeneity results from extensive dissolution, cave formation, and subsequent cave infilling (Kerans, 1988; Loucks, 1999) , which formed a pervasive breccia-fracture system (Holtz and Kerans, 1992) .
Middle Ordovician transgression of the area resulted in the deposition of shales, carbonates, and sandstones of the Simpson Group (Figure 3 ). These deposits accumulated in a broad depocenter commonly referred to as the Tobosa basin (Galley, 1958) . Reservoirs in the Simpson cratonic sandstone play are found in three regionally extensive sandstones, the Connell, Waddell, and McKee (Galley, 1958) . The Connell sandstone is interpreted as having been deposited in a range of environments, from high-energy shoreface and nearshore environments to more distal and lower energy marine environments (Suhm and Ethington, 1975) .
Silurian Plays
Reservoirs productive from Silurian rocks can be subdivided into two distinct lithologic successions: the Fusselman Formation (Upper Ordovician to middle Silurian) and the Wristen Group (middle to Upper Silurian) (Figure 2 ). The reservoirs of the Fusselman shallow-platform carbonate play (Figure 4 ) are composed of limestones, dolostones, and cherty dolostones that were deposited on an open-marine, shallow-water carbonate platform that extended over much of the mid-continent region (Ruppel and Holtz, 1994; Mazzullo, 1997) . Reservoir facies are pelmatozoan packstones and grainstones and ooid grainstones. Also included in this play are reservoirs that produce from shallow-water limestones and dolostones of the Upper Ordovician Montoya Formation (Behnken, 2003) .
Rocks of the Wristen Group (Figure 2 ) reflect deposition in a spectrum of platform-to-basin settings Figure 3 . Play boundaries of Ordovician oil plays in the Permian basin. Play outlines are, in part, derived from outlines previously published by Holtz and Kerans (1992) and Holtz and Garrett (1997) .
following the downwarping and drowning of the preexisting Fusselman shallow-water platform during the middle Silurian (Ruppel and Holtz 1994) . The middle Silurian (Wristen) platform margin trended east-west across southern Andrews and northern Midland counties and marks the southern limit of the Wristen buildups and platform carbonate play ( Figure 4 ). Wristen production is derived almost entirely from carbonates deposited either in platform-margin buildups or in shallow-water facies of the platform interior (Ruppel and Holtz 1994 ).
Devonian and Mississippian Plays
A major rise in relative sea level occurred in the Early Devonian in west Texas and southeast New Mexico. The Lower Devonian Thirtyone Formation ( Figure 2 ) records infilling of the Silurian ( Wristen Group) basin (Ruppel and Holtz 1994) . Reflecting this fact, the northern boundary of the Thirtyone closely approximates the position of the Wristen platform margin. The Thirtyone Formation contains two end-member facies, (1) carbonate packstones and grainstones and (2) spiculitic chert (Ruppel and Holtz 1994) . Carbonates deposited as in-place accumulations on the Early Devonian shallow-water platform and as resedimented skeletal sands on the outer ramp to slope form the Devonian Thirtyone ramp carbonate play ( Figure 4 ). Reservoir rocks in this play are skeletal packstones and grainstones composed primarily of pelmatozoan debris (Ruppel and Holtz 1994; Weiner and Heyer, 1999 ).
Reservoir quality is a function of diagenesis; both silicification and local leaching of carbonate mud are important in reservoir development. Cherts that accumulated in deeper water in areas of reduced carbonate deposition form the Devonian Thirtyone deepwater chert play (Figure 4 ). Thick-bedded laminated chert, commonly called ''tripolitic chert,'' is the most important reservoir facies in the Thirtyone Formation (Ruppel and Holtz 1994; Saller et al., 2001 ). The chert is highly porous and contains varying amounts of carbonate. Thirtyone Formation chert Ruppel and Holtz (1994) . strata accumulated in deepwater slope and basin settings by submarine gravity flow and hemipelagic sedimentation (Ruppel and Holtz 1994; Ruppel and Barnaby, 2001) .
The Mississippian platform carbonate play extends across much of the Permian basin (Figure 4 ). Upper Mississippian platform carbonates are shelf equivalents of the Barnett Shale, which was deposited in the deeper water to the south and east (Hamilton and Asquith, 2000) . Mississippian fields in eastern Gaines and western Dawson counties are interpreted as occurring in Chesterian ooid grainstones that developed landward of the platform margin (Hamilton and Asquith, 2000) .
Pennsylvanian Plays
Present structural features of the Permian basin, including the Central Basin platform and Midland and Delaware basins (Figure 1 ), began forming in the early Pennsylvanian (Frenzel et al., 1988) . Most of the anticlines that form the traps for oil-producing reservoirs in the area formed during Pennsylvanian faulting. The thickness and distribution of Pennsylvanian rocks in the Permian basin are quite variable because of nondeposition and erosion over positive areas such as the Central Basin platform.
Five Pennsylvanian oil plays occur in the Permian basin ( Figure 5 ). Most Pennsylvanian reservoirs produce from ramp and platform carbonates, but sandstones deposited in slope and basin environments on the east side of the Midland basin are also productive. Two additional plays, the Pennsylvanian and Lower Permian reef and bank play and upper Pennsylvanian shelf sandstone play, are located mostly in northcentral Texas but extend into the eastern Midland basin. Production from only those reservoirs that are in Permian basin has been included for these plays in the total Permian basin oil production shown in Table 1 .
Patch reefs in the Northwest shelf Strawn patch reef play ( Figure 5 ) grew on a south-dipping carbonate ramp in the western Permian basin before it segmented into the Northwest shelf and the Delaware Figure 5 . Play boundaries of Pennsylvanian oil plays in the Permian basin. Some play outlines are, in part, derived from outlines previously published by Holtz and Garrett (1997) and Dutton et al. (2000) and from the work of Mazzullo (1997) .
basin. Reservoirs are principally bioherms composed of phylloid algal, coralgal, and foraminiferal wackestones and packstones (Harris, 1990) . Bioherm growth was localized on preexisting structures having bathymetric expression.
Later in that area, upper Pennsylvanian and earliest Wolfcampian reservoir rocks of the Northwest shelf upper Pennsylvanian carbonate play ( Figure 5 ) were deposited on a shallow-water carbonate shelf and at the shelf margin. Traps in the play are primarily stratigraphic, with reservoirs formed by phylloid-algal mounds and associated grainstones and packstones (Cys, 1986) . Massive, dolomitized, phylloid-algal mound reservoirs grew at bathymetric breaks at or near the shelf edge ( Wahlman, 2001) .
Pennsylvanian carbonates deposited on the Central Basin platform and in the Midland basin ( Figure 5 ) compose the Pennsylvanian platform carbonate play. Atokan and Desmoinesian carbonates were deposited on low-relief ramps at a time of relatively low regional subsidence, whereas Missourian and Virgilian carbonates were deposited on higher relief carbonate platforms at a time of higher rates of regional subsidence (Hanson et al., 1991; Mazzullo, 1997) . High-frequency glacioeustatic sea level fluctuations during the Pennsylvanian resulted in highly cyclic successions of shallow-water carbonate-platform facies (Heckel, 1986; Reid and Reid, 1999; Wahlman, 2001) . Porosity in these rocks is developed primarily in thick grainstones and phylloid-algal boundstones (Saller et al., 1999) .
The Pennsylvanian and Lower Permian Horseshoe atoll carbonate play produces from reservoirs on the Horseshoe atoll, a nonreefal isolated carbonate platform system in the northern Midland basin ( Figure 5 ). Production is from stacked Strawn through Wolfcamp limestones and dolomitic limestones that aggraded from the floor of the basin in a northward-opening arc (Galloway et al., 1983) . Deposition of the Horseshoe atoll began on a broad Strawn carbonate platform ( Vest, 1970) , with later development of isolated carbonate knolls and pinnacles. Exposure and erosion at sequence boundaries during the late Missourian through Virgilian produced a series of truncation surfaces and local development of erosionally generated slope wedges associated with major eustatic sea level falls Reid, 1991, 1999; Kerans, 2001) .
The Cisco to Wolfcamp clastic rocks of the upper Pennsylvanian and Lower Permian slope and basinal sandstone play ( Figure 5 ) were deposited as submarine fans that accumulated basinward of the Eastern shelf as it prograded westward (Galloway and Brown, 1972) . Reservoir-quality sand bodies were deposited in the lower portions of slope wedges along a broad northsouth-trending belt during sea level lowstands (Brown et al., 1990) . Production is from turbidite sandstones deposited in submarine-fan channel, lobe, and overbank and levee environments ( Neuberger, 1987) .
Lower Permian Plays
During the Early Permian ( Wolfcampian and Leonardian), carbonate deposition occurred on the shelves around the Midland and Delaware basins; carbonate debris and siliciclastics were deposited in the basins. Some portions of the western Central Basin platform remained emergent throughout the Wolfcampian, but by the Leonardian, this area was a stable, shallow-water carbonate platform (Frenzel et al., 1988) .
The Wolfcamp platform carbonate play ( Figure 6 ) lies along the east side of the Central Basin platform and north of the east-west-trending Wolfcampian shelf margin in New Mexico (Figure 1 ). The reservoirs in this play are composed of cyclic, shallow-water carbonate facies that are overprinted by diagenesis at and below cycle tops formed during sea level fall (Saller et al., 1994 (Saller et al., , 1999 .
During the Wolfcampian and into the Leonardian, carbonate debris was shed off the carbonate shelf margins rimming the Central Basin platform and Eastern shelf and deposited in the Midland and Delaware basins. Reservoirs of the Wolfcamp -Leonard slope and basinal carbonate play ( Figure 6 ) are resedimented carbonates deposited by debris flows and turbidity currents on the lower slope and basin floor (Hobson et al., 1985; Loucks et al., 1985; Mazzullo and Reid, 1987; Mazzullo, 1997) . These rocks contain clasts of shallow-water facies identical to those observed on the platform, indicating that they were derived by downslope transport from the platform margin. Reservoirs in this play also contain a high proportion of oolitic and skeletal grainstone deposited as massive sediment-gravity flows, producing a superficial resemblance to shallow-water reservoirs (Ahr, 2000) .
Abo deposition at the beginning of the Leonardian (Figure 2 ) marks the transition from paleogeographically complex late Pennsylvanian-Wolfcampian isolated buildups to more organized shelf-margin platforms (Kerans, 2000) . Reservoirs in the Abo platform carbonate play (Figure 7 ) are developed in shelf and shelf-margin facies along the south margin of the Northwest shelf.
Platform-margin Abo successions are dominated by grain-rich packstones and grainstones that underwent significant karst-related diagenesis (Kerans, 2000; Kerans et al., 2000) and are extensively dolomitized in the New Mexico portion of the play.
Reservoirs of Leonardian age on the Central Basin platform, Northwest shelf, and Eastern shelf are included in the Leonard restricted platform carbonate play (Figure 7 ). Leonardian rocks in this play were deposited in restricted, low-energy depositional conditions on a shallow-water, flat-topped carbonate platform. The best reservoir quality is commonly associated with grain-dominated, dolomitized, subtidal rocks (Ruppel, 2002) .
Reservoirs in the Bone Spring basinal sandstone and carbonate play were deposited in a basinal setting seaward of the Abo shelf edge in the Delaware basin ( Figure 7) . Production is from deepwater carbonate debris flows and fine-grained turbidite sandstones (Wiggins and Harris, 1985; Saller et al., 1989; Montgomery, 1997 ).
Reservoirs of the Spraberry-Dean submarine-fan sandstone play ( Figure 7) were deposited as large basinfloor submarine-fan systems in the Midland basin that were fed by turbidity currents and debris flows (Handford, 1981; Tyler et al., 1997) . Most of the production is from very fine-grained sandstone and coarse siltstone units in the Spraberry. Natural fractures cause high rates of initial production, but the matrix contains most of the oil and controls long-term recovery (Montgomery et al., 2000) .
Upper Permian (Guadalupian) Plays
Guadalupian reservoirs in the Permian basin ( Table 1) are developed primarily in San Andres and Grayburg carbonates deposited on shallow-water shelves that surrounded the Midland and Delaware basins and on the Central Basin platform and Ozona arch. Deepwater sandstones deposited in the Delaware basin and shelf sandstones associated with sabkha carbonates and evaporites are also productive. Holtz and Garrett (1997) , and Dutton et al. (2000) and from the work of Mazzullo (1997) .
The Northwest shelf San Andres platform carbonate play (Figure 8a ) represents a regressive series of cyclic deposits that prograded southward across the broad, low-relief, shallow-water Northwest shelf. Restrictedmarine, subtidal dolostones in the lower and middle San Andres form the main reservoir facies (Cowan and Harris, 1986) . Porous zones are offset basinward and occur in increasingly younger strata southward (Ramondetta, 1982; Cowan and Harris, 1986; Ward et al., 1986) .
The Eastern shelf San Andres platform carbonate play (Figure 8a ) produces mainly from dolostones in the San Andres and Grayburg formations, as well as sandstones in the Queen, Seven Rivers, and Yates formations (Figure 2) (Mooney, 1982) . The Eastern shelf prograded westward into the Midland basin during the Permian. Carbonate deposition ended on the Eastern shelf during the middle Guadalupian, and upper Guadalupian rocks are composed of cyclic deposits of sandstone, anhydrite, and halite (Silver and Todd, 1969; Ward et al., 1986) .
Reservoirs of the San Andres karst-modified platform carbonate play produce from the structurally high south end of the Central Basin platform ( Figure 8a) ; most production has come from Yates field. The main reservoirs are dolostones characterized by thick accumulations of grainstones at the top of a shallowingupward sequence (Tinker, 1996) . Permeability was greatly increased by open caves and solution-enlarged joints that developed by karstification during multiple subaerial exposure events during and following San Andres deposition (Craig, 1988; Tinker et al., 1995) .
Carbonates of the San Andres platform carbonate play were deposited on the shallow-water Central Basin platform during the early Guadalupian (Figure 8a ). Reservoirs in this play are developed primarily in thick, dolomitized, subtidal portions of shoaling-upward cycles (Ruppel and Cander, 1988; Garber and Harris, 1990) . Early, pervasive dolomitization preserved much of the primary porosity in these San Andres reservoirs (Ruppel and Cander, 1988) .
Production is commingled from both dolostone and clastic reservoirs in the upper San Andres and Grayburg formations on the northwest portion of the Central Figure 7 . Play boundaries of Leonardian oil plays in the Permian basin. Some play outlines are, in part, derived from outlines previously published by New Mexico Bureau of Mines and Mineral Resources (1993), Holtz and Garrett (1997) , and Dutton et al. (2000) and the work of Ruppel (2002) .
Basin platform and on the Northwest shelf. In the upper San Andres and Grayburg platform mixed-Central Basin platform trend play (Figure 8a ), reservoirs consist of high-energy dolograinstones formed in shoal environments and shallow-marine dolomitic sandstones (Garber and Harris, 1990; Lindsay, 1991) . Similar reservoirs in the upper San Andres and Grayburg platform mixed-Artesia Vacuum trend play (Figure 8a ) occur along the Artesia-Vacuum arch, a shallow east-westtrending structure that overlies the Abo shelf-edge trend. In both plays, some karst development has occurred in the San Andres (Pranter et al., 2004) . Grayburg reservoir sandstones were deposited in coastal, sabkha, sand-flat, and eolian environments (Handford et al., 1996) .
Reservoirs in the San Andres-Grayburg lowstand carbonate play (Figure 8a ) lie structurally and topographically below the San Andres and Grayburg shelfmargin reservoirs on the Central Basin platform and the Northwest shelf. The shallow-water facies in these reservoirs are interpreted as having been deposited in the Midland basin during periods of sea level lowstand. In contrast to San Andres and Grayburg reservoirs on the Central Basin platform, oolite grainstones are common reservoir facies in this play (Dull, 1994) . The oolite grainstones probably formed by focused tidal energy when the Midland basin was restricted to the center of the basin and shoreline was lowered.
Reservoirs in the Grayburg platform carbonate play occupy the southeast side of the Central Basin platform in Texas (Figure 8b ). Depositional style and petrophysical properties of Grayburg platform carbonate reservoirs are similar to those of the San Andres, being thick, dolomitized, subtidal portions of shoalingupward cycles (Bebout et al., 1987; Tyler et al., 1991) . Reservoir quality has been influenced strongly by diagenesis, particularly dolomite alteration and anhydrite alteration and removal (Ruppel and Lucia, 1996) .
The Grayburg platform mixed clastic-carbonate play is located northwest of the Grayburg platform carbonate play on the Central Basin platform in Texas (Figure 8b ). It has been designated a separate play because production comes from porous and permeable lower Grayburg fine-grained sandstones and coarse siltstones, as well as from San Andres and Grayburg carbonates. Grayburg siliciclastics are interpreted to be eolian facies deposited during sea level falls and reworked during subsequent sea level rises (Ruppel, 2001) .
By the time of Grayburg deposition, the Midland basin was areally restricted and shallow, and the Ozona arch was a shallow-water platform across which water was exchanged between the open ocean to the south and west (Sheffield Channel, Figure 1 ) and the restricted basin to the north (Tyler et al., 1991) . The Grayburg high-energy platform carbonate -Ozona arch play produces from upper San Andres and Grayburg carbonate reservoirs (Figure 8b ). The reservoir section in these fields is composed of numerous shoalingupward cycles of fusulinid grain-dominated packstones and ooid grainstones (Zahm and Tinker, 2000) .
Reservoirs in the Delaware Mountain Group basinal sandstone play produce from deepwater sandstones of the Bell Canyon, Cherry Canyon, and Brushy Canyon formations (Delaware Mountain Group) (Figures 2, 8b) . Delaware sandstones are interpreted as having been deposited by turbidity currents, possibly derived from dunes that prograded to the shelf break during sea level lowstands; eolian sands were then carried into the slope and basin by turbidity currents (Fischer and Sarnthein, 1988; Gardner, 1992) . Bell Canyon sandstones, the most productive unit, were deposited in a basin-floor setting by a system of leveed channels having attached lobes and overbank splays (Barton and Dutton, 1999; Dutton et al., 2003) .
The Queen tidal-flat sandstone play on the east and south margins of the Central Basin platform (Figure 8b ) produces from the middle Guadalupian Queen Formation. The reservoir sandstones, which form the bases of progradational, shoaling-upward cycles, were deposited in intertidal-flat, tidal-channel, and shoreface environments (Holtz, 1994; Price et al., 2000) . They are overlain by supratidal dolomudstones and massive anhydrite at the top.
Siliciclastics, carbonates, and evaporites of the Artesia Group were deposited on a broad, shallow shelf in a back-reef lagoonal setting located updip of the shelfmargin reef carbonates that rimmed the Delaware basin (Silver and Todd, 1969; Ward et al., 1986) . Sandstones in the Queen, Seven Rivers, and Yates formations of the Artesia Group (Figure 2 ) make up the Artesia platform sandstone play, located along the west edge of the Central Basin platform and on the Northwest shelf (Figure 8b) . Dolostones of the Queen, Seven Rivers, Yates, and Tansill formations form secondary reservoirs.
RESERVOIR-DEVELOPMENT METHODS
A variety of new reservoir-development techniques have been applied to Permian basin reservoirs recently because of the large remaining resource target. Tyler and Banta (1989) estimated that conventional recovery in the Permian basin using then-current technology would be only 30% of OOIP. Advanced secondary and tertiary production techniques can improve the recovery ratio by targeting remaining mobile oil and residual oil in mature fields. The Permian basin is estimated as having the greatest potential for additional oil production in the United States, containing 29% (17.6 billion bbl [2.80 Â 10 9 m 3 ]) of estimated future oil reserve growth (Root et al., 1995) . Most reserve growth from the basin will result from application of improved reservoir-development practices to existing fields. Newly implemented reservoir-development methods being used in the Permian basin are listed by play in Table 2 . Enhanced-recovery methods that have been demonstrated to work well in one reservoir in a play should be applicable to other reservoirs in that play because they share production characteristics. Because many reservoirs in the Permian basin produce by solution-gas drive (Galloway et al., 1983) , primary recovery efficiencies are typically low. Average primary recovery in selected Permian basin reservoirs characterized by solution-gas-drive mechanisms was 14.8% (Tyler et al., 1991) . Secondary waterflooding is the most common reservoir-development method used in the basin. Typical waterfloods have evolved from peripheral floods to line-drive floods to pattern floods, such as five-spot or inverted nine-spot patterns. In plays in which solution-gas drives have been supplemented by waterfloods, recovery efficiencies have increased to an average of 26% (primary and secondary) (Tyler et al., 1991) . Waterflooding is used so commonly throughout the basin that it has not been included in Table 2 unless a particular pattern realignment or other modification enhanced recovery.
Recent reservoir-development approaches in the Permian basin include CO 2 injection, horizontal drilling, and drilling targeted by seismic-attribute analysis (Table 2) . Carbon dioxide flooding has worked well in plays such as the Pennsylvanian and Lower Permian Horseshoe atoll carbonate, San Andres platform carbonate, Grayburg platform carbonate, Devonian Thirtyone Holtz and Garrett (1997) , and Dutton et al. (2000) .
deepwater chert, and Delaware Mountain Group basinal sandstone. The reservoirs in these plays have clear target intervals, such as stacked grainstone-rich carbonate cycles or sandstones, and good top and lateral seals. Carbon dioxide flooding is less likely to be successful in plays having strongly fractured, bottomwater-drive reservoirs, such as the San Andres karstmodified platform carbonate and the Ellenburger plays.
A variety of techniques have been applied at Yates field (San Andres karst-modified platform carbonate play), including gravity drainage assisted by nitrogen and CO 2 injection, water coproduction, and steam injection (Table 2) (Snell and Close, 1999; Campanella et al., 2000) . High-pressure air injection, a tertiary oilrecovery technology used in low-permeability reservoirs (Kumar et al., 1995) , was tested for the first time in the Permian basin in a pilot project in Barnhart field (Ellenburger selectively dolomitized ramp carbonate play) . Artificially created, downhole highenergy, low-frequency shockwaves designed to coalesce and allow bypassed oil to be swept to producers are being tested in the Wasson South Clearfork unit (Wasson 72 field, Leonard restricted platform carbonate play).
PERMIAN BASIN PRODUCTION ANALYSIS
Production analysis of this mature basin was conducted to better understand production trends through time, by reservoir age and by lithology. Production data compiled for the 1339 significant-sized reservoirs in the 32 oil plays in the Permian basin were used as the main data source (Table 1 ). The remaining reserves in the Permian basin were estimated by play.
Production History and Attributes
The first large oil field (Westbrook) was discovered in the Permian basin in 1921, and other major discoveries followed in the 1920s and 1930s, including Yates Magruder et al. (1990) San Andres karst-modified platform carbonate
Gravity drainage assisted by nitrogen injection, water coproduction, and steam injection Snell and Close (1999); Campanella et al. (2000) Eastern shelf San Andres platform carbonate
Tiltmeter fracture mapping to establish waterflood pattern orientation, spacing, and injection rates Griffin et al. (2000) Northwest shelf San Andres platform carbonate CO 2 flooding Drozd and Gould (1991) Spraberry -Dean submarine-fan sandstone Waterflooding using low-rate water injection Schechter et al. (2001) Bone Spring basinal sandstone and carbonate
Limited entry, two-stage stimulation Montgomery (1997) Leonard restricted platform carbonate Targeted 10-ac (4-ha) infill development using a line-drive waterflood pattern Montgomery et al. (1998); Nevans et al. (1999) Drilling lateral waterflood wells in unfractured intervals Martin and Hickey (2002) Sinusoidal horizontal drilling Johnson et al. (1997) Saller et al. (2001) High-pressure, lean-gas injection and infill drilling Galloway et al. (1983) ; Ebanks (1988) (Dutton et al., 2004) .
A total of 1339 reservoirs in the Permian basin had individual cumulative production of greater than (Table 1 ) or less than half the peak production. Some of the largest plays in the Permian basin, the Northwest shelf San Andres platform carbonate and the Pennsylvanian and Lower Permian Horseshoe atoll carbonate plays, have experienced significant decline. By contrast, the Leonard restricted platform carbonate play has exhibited a relatively stable to slightly declining production history, and the Spraberry-Dean submarine-fan sandstone play has recorded a stable to slightly increasing production history.
Guadalupian-age reservoirs dominate cumulative oil production in the Permian basin (54%), followed by Leonardian (18%) and Pennsylvanian-age reservoirs (13%) (Figure 10a ). In 2000, the proportion of oil produced from Leonardian reservoirs was 29% (Figure 10b ). The increased proportion of production from Leonardian plays occurs because production from Guadalupian and Pennsylvanian plays has declined since the early 1970s, whereas Leonardian plays have a stable production trend. Carbonates are, by far, the most productive reservoirs in the Permian basin, accounting for 75% of the cumulative production. Sandstone reservoirs have produced 14%, mixed sandstone and carbonate reservoirs have produced 8%, and chert reservoirs have produced 3%. Approximately 80% of significant-sized oil reservoirs in the Permian basin produce from depths of less than 10,000 ft (<3050 m).
Remaining Reserves
The remaining reserves of significant-sized oil reservoirs in the Permian basin were estimated by play using decline-curve analysis. Because most significantsized oil reservoirs in the Permian basin are in mature stages of production and reaching depletion, exponential decline curves were used. Historical production Figure 10 . Permian basin production by geologic age: (a) cumulative production through 2000; (b) production in 2000.
profiles of the 32 oil plays in the Permian basin were plotted using production data from 1970 to 2000.
The remaining reserves to be produced from the 32 oil plays in the Permian basin were calculated to year-end 2015 (Table 3 ). The total remaining oil reserves from significant-sized oil reservoirs are calculated at 3.25 billion bbl (5.17 Â 10 8 m 3
). The Northwest shelf San Andres platform carbonate and Leonard restricted platform carbonate plays compose more than 41% (1.34 billion bbl [2.13 Â 10 8 m
3 )]) of this total. It should be noted that the remaining reserves to be produced to year-end 2015 are that component of the resource base that has already been discovered and is currently being produced using the technologies presently in place. Most additional future production from the Permian basin will be attributable to reserve growth in existing fields.
CONCLUSIONS
The Permian basin of west Texas and southeast New Mexico remains a significant oil-producing basin. Thirty-two geologically distinct oil plays covering both the Texas and New Mexico portions of the Permian basin have been defined, and significant-sized reservoirs in the Permian basin having cumulative production of greater than 1 million bbl (1.59 Â 10 5 m 3 ) of oil through 2000 were assigned to plays. The remaining oil reserves that will be produced through 2015 from the currently producing component of the resource were calculated to be 3.25 billion bbl (5.17 Â 10 8 m 3 ). Application of successful reservoir-development practices to analogous reservoirs will aid in future production in this mature basin, most of which will come from improved recovery from existing fields. 
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